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The lipid A component of lipopolysaccharides from Fusobacterium nucleatum
Fev 1 consists of 8-1',6-linked p-glucosamine disaccharides, which carry two
phosphate groups: one in glycosidic and one in ester linkage. The amino groups
of the glucosamine disaccharides are substituted by p-3-hydroxyhexadecanoic
acid. The hydroxyl groups of the disaccharide backbone are acylated by tetrade-
canoic, hexadecanoic, and p-3-hydroxytetradecanoic acids. Part of the ester-
bound p-3-hydroxytetradecanoic acid is 3-O-substituted by tetradecanoic acid.
Whereas a similar pattern of fatty acids was detected in lipopolysaccharides
from two other F. nucleatum strains, the amide-bound fatty acid in F. varium
and F. mortiferum was p-3-hydroxytetradecanoic acid. The chemical relation-
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ships of lipid A from Fusobacteria and other gram-negative bacteria are dis-

Lipopolysaccharides from Fusobacterium re-
semble those of aerobic gram-negative bacteria
such as Salmonella in that they consist of a
polysaccharide and a lipid component (14, 16).
They appear in the electron microscope as
structural particles (10) and possess O-anti-
genic specificity (15).

The endotoxic activity of Fusobacterium lipo-
polysaccharides appears to be comparable to
that of Salmonella endotoxins (3, 4, 21). In
Salmonella lipopolysaccharides (and those of
other bacterial groups), the endotoxic activity
is embedded in the lipid A component (3, 16,
21), the chemical structure of which has been
studied (5, 6, 22).

The present communication deals with the
chemistry of the lipid A component of Fusobac-
terium nucleatum lipopolysaccharides. It will
be shown that its structure is related to that of
Salmonella lipid A.

(Part of this work was presented at the An-
nual Meeting of the JADR, London [E. T. Riet-
schel, J. Minner, and T. Hofstad, J. Dent. Res.,
vol. 54, special issue A, abstr. L214], and at the
8th Meeting of the North West European Mi-
crobiological Group, Helsinki, 1976.)

MATERIALS AND METHODS

Bacteria. F. nucleatum strain Fev 1 (1) was
kindly provided by S. E. Mergenhagen (Bethesda,
Md.). The origin of the other strains (F. nucleatum
F1 and ATCC 10953, F. mortiferum VIP 0473, and F.
varium ATCC 8501) has been described previously
(8, 13).

Cultures were grown in screw-cap bottles filled to
the top with the following (in grams per liter):
tryptone (Oxoid), 15; proteose peptone (Oxoid), 10;
NaCl, 5; KH3P04, 1.5; NagHP04 . ZH’O, 3.5;
(NH),;SO,, 0.5; yeast extract (Oxoid), 3; L-cys-
teine - HCl, 1; and glucose, 2.5; pH 7.0. Cultures
were grown for 48 h and washed two times with
phosphate-buffered saline (pH 7.4).

Lipopolysaccharides. Washed organisms were
extracted with phenol-water (25) at 20°C, and the
lipopolysaccharide was purified by ultracentrifuga-
tion (100,000 x g, 90 min) and treatment with deoxy-
ribonuclease and ribonuclease (9).

Reference compounds, chemicals, and enzyme.
Tetradecanoic, hexadecanoic, and heptadecanoic
acids were obtained from Serva (Heidelberg). 3-Hy-
droxytetradecanoic and 3-hydroxyhexadecanoic
acids were synthesized by the Reformatzky reaction
(22). 3,4,6-Tri-O-methyl-1,5-di-O-acetyl-2-deoxy-2-
(N-methylacetamido)-glucitol was prepared from
methyl-N-acetylglucosaminide by permethylation,
followed by acid hydrolysis, reduction, and perace-
tylation (7). The optical antipodes (p- and L-forms)
of the 3-hydroxy acids were prepared from the
racemates with amphetamine according to Ikawa
et al. (11). N-3-hydroxytetradecanoyl-p-glucosamine
was obtained from G. van der Smissen (Freiburg),
N -acetylglucosaminyl- a-1’,4-N-acetylglucosamine
from H. Paulsen (Hamburg), B-N-acetylglucosa-
minidase (EC 3.2.1.30; Aspergillus oryzae (18]) from
Y. Matsushima and T. Mega (Osaka), and hydra-
zine from Roth (Karlsruhe).

Chemical analyses. (i) Backbone. The backbone
of lipid A from F. nucleatum Fev 1 lipopolysaccha-
ride was prepared as described for Salmonella and
other bacterial groups (6). Briefly, lipopolysaccha-
ride was first treated with alkali (0.17 N NaOH, 60
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min, 100°C) and then with acid (0.02 N HCI, 35 min,
100°C). The precipitate formed, representing alkali-
treated lipid A (lipid A-OH), was reduced with
NaBH, (lipid A-OH,.,) and treated with hydrazine
(40 h, 100°C). The reduced lipid A backbone consist-
ing of a reduced glucosamine disaccharide (GlcN-
GlcN,.q) was isolated by high-voltage electrophore-
sis and N-acetylated (GlcNAc-GlcNAc.q).

Methylation analysis of the reduced and N-acety-
lated backbone by gas-liquid chromatography as
well as enzymatic analysis with 8-N-acetylglucosa-
minidase was carried out as described previously
6, .

(ii) Fatty acids. Ester-bound fatty acids were re-
leased from lipopolysaccharides with sodium meth-
ylate (0.25 N NaOCHj, 10 h, 37°C), and amide-bound
fatty acids were released from the de-O-acylated
preparation by strong alkaline hydrolysis (4 N
KOH, 5 h, 100°C). For estimation of total fatty acids,
lipopolysaccharide was treated with 4 N KOH (5 h,
100°C). The acids were analyzed by gas-liquid chro-
matography in the form of the methyl esters (22).
Two types of columns (glass) were used: Castorwax
(2.5% on Chromasorb G, 80 to 100 mesh) at 175°C
and an ethylene succinate-methylsilicone copolymer
(EGSS-X, 15% on Gas-Chrom P, 100 to 200 mesh) at
140°C. The nature of fatty acids was determined by
comparison of their retention times (¢;) obtained on
both columns with those of authentic reference fatty
acids and by their fragmentation pattern obtained
on combined gas-liquid chromatography-mass spec-
trometry. n-Heptadecanoic acid methyl ester served
as an internal standard for quantitative assays.

Configuration analysis of 3-hydroxy acids was
performed by gas-liquid chromatography (3% OV-1
on Gas-Chrom Q, 100 to 200 mesh, 205°C) of their
diastereomeric 3-methoxy-L-phenylethylamides
(20).

Other methods of analysis. Colorimetric determi-
nations of total phosphate and hexosamine (with
and without hydrolysis), and other analyses includ-
ing high-voltage paper electrophoresis, gas-liquid
chromatography (Varian 1400), mass spectrometry
(Finnigan 3200), and assays with an amino acid
analyzer (Durrum, model D-500), were carried out
as described previously (6, 7).

RESULTS

Backbone. To elucidate the structure of the
lipid A backbone, essentially the procedure de-
scribed previously was followed (6). F. nuclea-
tum Fev 1 lipopolysaccharide (46 mg) was
treated with alkali (saponification of ester-
bound fatty acids) and acid (hydrolysis of poly-
saccharide and glycosidically linked phos-
phate). The precipitate formed (lipid A-OH,
20% yield) contained glucosamine and phos-
phate in a molar ratio of 2.1:1.0. In the direct
Morgan-Elson reaction (without hydrolysis),
using N-3-hydroxytetradecanoyl glucosamine
as a standard, the color yield corresponded to
0.74 mol of glucosamine (per 2 mol of glucosa-
mine), indicating that part of the glucosamine
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in lipid A-OH is reducing. Lipid A-OH was then
reduced (NaBH,), yielding lipid A-OH,.q (73%
yield). With the amino acid analyzer, glucosa-
minitol (0.45 umol/mg), glucosamine (0.17
umol/mg), and glucosamine-phosphate (0.24
pumol/mg) could be detected. The molar ratio of
glucosamine to phosphate was 1.03:1.0. As ex-
pected, lipid A-OH,.4 was negative in the direct
Morgan-Elson assay.

Lipid A-OH,.y was treated with hydrazine (40
h, 100°C) to remove amide-bound fatty acids
and ester-linked phosphate groups, and the hy-
drazinolysate was subjected to high-voltage
electrophoresis. With ninhydrin, one major
fraction (Mg,x = 1.15), corresponding to a glu-
cosaminyl-glucosaminitol disaccharide (6, 7),
and a second spot (approximately 10% of hydra-
zinolysate, M,y = 1.01), corresponding to glu-
cosaminitol, were detected. The disaccharide
fraction was eluted with acid (0.01 N HC]) and
N-acetylated (30% yield, relative to lipid A-
OH,.4, based on glucosamine).

Preparation GlcNAc-GlcNAc,q (0.94 umol)
was methylated according to Stellner et al. (24).
After hydrolysis, reduction, and peracetylation
of the methylated material, gas-liquid chro-
matography gave three peaks (Table 1). Their
relative ¢; values indicated (7) that these
peaks correspond to 1,3,4,5-tetra-O-methyl-6-
O-acetyl-2-deoxy-2- (N -methylacetamido)-glu-
citol (peak 1, t; = 0.43), 3,4,6-tri-O-methyl-1,5-
di-O-acetyl-2-deoxy-2-(N-methylacetamido)-
glucitol (peak 2, ¢z = 1.00), and 1,3,4,5-tetra-O-
methyl-6-0 -acetyl-2-deoxy-2-(N-acetylaceta-
mido)-glucitol (peak 3, ¢z = 1.10). The relative
amounts of the peaks were 5% (peak 1), 53%
(peak 2), and 41.8% (peak 3). It has previously
been shown (7) that from 6-O-substituted glu-
cosaminitol after methylation, hydrolysis, re-
duction, and peracetylation, both the N-meth-

TaBLE 1. Identity, relative retention times, and
relative amounts of derivatives formed on
methylation analysis of reduced lipid A backbone
(GleNAc-GleNAc,eq) from Fusobacterium nucleatum
Fev 1 lipopolysaccharide

.._|Relative
i?l,f Identity Reltatblve amt
. r (mol %)
1 |1,3,4,5-Tetra-O-methyl-6-O-ace- 0.43 5.4
tyl-2-deoxy-2-(N-methylac-
etamido)-glucitol
2 (3,4,6-Tri-O-methyl-1,5-di-O-ace- | 1.00 53.8
tyl-2-deoxy-2-(N-methylac-
etamido)-glucitol
3 |1,3,4,5-Tetra-O-methyl-6-O-ace- 1.11 40.8
tyl-2-deoxy-2-(N-acetylacet-
amido)-glucitol

¢ On gas-liquid chromatography.
® Based on peak 2 (t; = 1.00) on ECNSS-M.
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ylacetamido- and the N-acetylacetamido deriv-
atives are formed (in a ratio of about 1:10).
Therefore, it was concluded that peaks 1 and 3
derive from the N-acetylglucosaminitol residue
and peak 2 from the nonreducing N-acetylglu-
cosamine residue of fraction GlcNAc-Gle-
NAc,4. The fact that the compounds corre-
sponding to peaks 1 and 3 are 6-O-acetylated
shows that in fraction GlcNAc-GlcNAc,.q a1',6-
linkage is present.

To study the anomeric configuration of gluco-
samine, fraction GlecNAc-1',6-GlcNAc,.q, was
treated with B-N-acetylglucosaminidase. The
N-acetylglucosamine released, as estimated by
the direct Morgan-Elson reaction, was 64%
after 10 min and 94% after 60 min of incubation.
These results agree with those of previous stud-
ies (6). Thus, the nonreducing p-glucosamine
residue in fraction GlcNAc-1',6-GlcNAc,, is
present as the S-anomer. Control experiments
with chitobiitol and a reduced a-1',4-linked glu-
cosamine disaccharide gave significantly lower
rates and no release of glucosamine, respec-
tively (6).

Fatty acids. Gas chromatographic analysis
of fatty acids released from lipopolysaccharides
of F. nucleatum Fev 1 by alkali (4 N KOH)
revealed the presence of tetradecanoic, hexade-
canoic, 3-hydroxytetradecanoic, and 3-hydroxy-
hexadecanoic acids in amounts of 0.258, 0.037,
0.204, and 0.110 umol per mg of lipopolysaccha-
ride, respectively (Table 2). Also A%-tetradecen-
oic acid was detected. This acid, however,
which was not present in acid hydrolysates,
represents an artifact resulting from 3-hydrox-
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ytetradecanoic acid (22). The total amount of
fatty acids was 0.61 umol per mg of lipopolysac-
charide (= 15 wt%). To distinguish between
ester- and amide-bound fatty acids, lipopolysac-
charide was first treated with sodium meth-
ylate. On gas-liquid chromatography of the
methyl esters, the non-hydroxylated fatty acids
(Ci4:0, 0.03 umol/mg; C,g.0, 0.03 umol/mg) and
3-hydroxytetradecanoic acid (0.05 pmol/mg)
were found (Table 2). In addition, 3-methoxyte-
tradecanoic acid methyl ester (0.079 wmol/mg)
was detected. Since this latter acid was not
present in acid hydrolysates, it was concluded
that it is an artifact resulting from a B-elimina-
tion reaction involving 3-O-substituted, ester-
bound 3-hydroxytetradecanoic acid. The prod-
uct of the B-elimination reaction is known to be
A%-tetradecanoic acid methyl ester (as detecta-
ble in alkaline hydrolysates). Under the condi-
tions of methylate treatment, however, a nu-
cleophilic addition of methylate to the a,B-un-
saturated acid ester takes place, yielding 3-
methoxytetradecanoic acid methyl ester (22,
23).

The nature of the substituent at the 3-hy-
droxyl group of 3-hydroxytetradecanoic was es-
tablished in a similar way as described for Sal-
monella (22); e.g., part of the methanolysate
was carbomethylated with diazomethane and
compared with the nontreated methanolysate
(Table 2, A and B). The peak corresponding to
tetradecanoic acid was increased in chromato-
gram B as compared with the corresponding
peak in chromatogram A. This finding shows
that part of the tetradecanoic acid was present

TaBLE 2. Nature, relative retention times, fragments from mass spectrometry, and amounts of fatty acids
present in lipopolysaccharides from Fusobacterium nucleatum Fev 1

Relative ¢; on gas-

Amt in hydrolysates® (umol/

liquid chromatogra- Mass spectrometry mg)
phy* g
Fatty acid Casto NaOCH,
- ™" EGSSX  Base Characteristic peaks kon NaOCH; + diazo-
ax (140°C) peak (mle) (A)  methane
(175°C) (B)
Tetradecanoic (C,,,) 1.00 1.00 74 242° (M) 0.258 0.130 0.226
Hexadecanoic (C,60) 2.38 1.96 74 270 (M) 0.037 0.030 0.036
p-3-Hydroxytetra- 3.06 7.78 43 103, 240 (M-18), 208  0.204¢  0.141¢  0.195¢
decanoic  (3-OH- (M-50)
Cll’))
p-3-Hydroxyhexa- 7.20 15 43 103, [268 (M-18)1 0.110
decanoic  (3-OH- 236 (M-50)
Cum)

¢ Based on tetradecanoic acid methyl ester (t; =
b Calculated for fatty acid methyl ester.

¢ M, Molecular weight.

4 Sum of 3-OH-C,,, and A%-C,,, (0.072 umol/mg).

1.00).

¢ Sum of 3-OH-C,,,, 3-OCH;-C,,, (0.079 umol/mg) and A%-C,,, (0.009 umol/mg).

7 Not visible on mass spectrum.
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in the free form, suggesting that it had been
released from the lipopolysaccharide by B-elim-
ination. It was concluded that 40% of the ester-
bound 3-hydroxytetradecanoic acid in F. nu-
cleatum Fev 1 lipopolysaccharide was 3-O-sub-
stituted by tetradecanoic acid. By analogy, it
could be assumed that the smaller amounts of
3-hydroxytetradecanoic acid (0.05 pmol/mg)
found in the methanolysate originated from 3-
0-(3-hydroxytetradecanoyl)-tetradecanoic acid.
This, however, was unlikely since the amount
of 3-methoxytetradecanoic acid methyl ester
(0.079 pumol/mg) detectable was lower than
would be expected if the free 3-hydroxytetrade-
canoic acid had undergone B-elimination.

The (absolute) configuration of ester- and
amide-bound 3-hydroxy fatty acids was deter-
mined by gas-liquid chromatography of diaster-
eomeric derivatives (3-methoxy acid-L-phenyl-
ethylamides [20]). Gas-liquid chromatography
of the derivaties on OV-1 (205°C) gave two main
peaks with ¢; values of 1.24 (peak 1) and 2.41
(peak 2) relative to tetradecanoic acid-L-phe-
nylethylamide, which had a t; value of 1.00. Au-
thentic p- and L-3-methoxytetradecanoic acid-
L-phenylethylamides revealed ¢; values of 1.23
and 1.32, respectively; authentic p- and L-3-
methoxyhexadecanoic acid-L-phenylethylamides
had #; values of 2.41 and 2.61, respectively.
Accordingly, both 3-hydroxy acids present in F.
nucleatum Fev 1 lipopolysaccharides possess
the p-configuration.

Comparative fatty acid analyses were per-
formed on other Fusobacterium strains (Table
3). The three F'. nucleatum strains investigated
(Fev 1, F1, and ATCC 10953) exhibited a simi-
lar fatty acid pattern in that p-3-hydroxyhexa-
decanoic acid was amide bound and tetradeca-
noic, hexadecanoic, and 3-hydroxytetradeca-
noic acids were ester bound, and in that part of
the ester-bound 3-hydroxytetradecanoic acid
was 3-O-acylated by tetradecanoic acid.

In lipopolysaccharides of F. varium ATCC
8501 and F. mortiferum VIP 0473, tetradeca-
noic, hexadecanoic, and p-3-hydroxytetradeca-
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noic acids were detected, but 3-hydroxyhexade-
canoic acid was not. This latter fatty acid there-
fore appears to be a characteristic constituent of
F. nucleatum strains. In F. mortiferum and F.
varium, part of the 3-hydroxytetradecanoic
acid was amide bound. The other part as well as
tetradecanoic and hexadecanoic acids was es-
ter bound. Again, the ester-bound 3-hydroxyte-
tradecanoic acid was partially 3-O-substituted
with tetradecanoic acid.

DISCUSSION

According to the results of the present study,
lipid A of F. nucleatum Fev 1 consists of 8-1',6-
linked bp-glucosamine disaccharides, which
carry two phosphate residues: one in glycosidic
and one in ester linkage. This type of backbone
structure has previously been identified in the
majority of lipid A’s from aerobic strains such
as Salmonella (5, 6), Escherichia coli (6), Shi-
gella (6, 17), and Pseudomonas (2). Lipid A of
the anaerobic organism Selenomonas rumi-
nantium also contains B-1',6-linked glucosa-
mine disaccharides; phosphate, however, is ab-
sent (12).

The spectrum of fatty acids present in lipid A
from F. nucleatum Fev 1 resembles that of
enterobacterial and other lipid A’s in that even-
numbered, saturated, non-hydroxylated (C,,.,
and C,,.,) as well as 3-hydroxy acids (3-OH-C, .,
and 3-OH-C,q,) predominate. Of these, 3-hy-
droxyhexadecanoic acid is linked to the amino
groups of the glucosamine residues. The other
fatty acids are bound to the hydroxyl groups of
the disaccharide backbone. Thus, like in most
lipid A’s studied, the 3-hydroxy acid with the
longest chain is amide linked; the other hy-
droxy acids are present in ester bonds.

Part (approximately 40%) of the ester-bound
3-hydroxytetradecanoic acid was substituted by
tetradecanoic acid. This structure, which is also
present in enterobacterial lipid A’s, was recog-
nized by the fact that, with methylate, tetrade-
canoic acid is B-eliminated as the free acid and
that concomitantly 3-methoxytetradecanoic

TABLE 3. Nature and relative amounts of fatty acids present in lipopolysaccharides of various
Fusobacterium strains

Relative amt (mol%) of fatty acids in:

Fatty acid

F. nucleatum F. nucleatum F.varium ATCC F. mortiferum
Fev 1 F. nucleatum F1“sqcc 10953 8501 T
Cuio 39.1 23.9 36.4 33.0 275
Ciso 6.2 . 7.6 5.0 7.7 18.9
p-3-OH-C, 34.6¢ 45.9 46.3 59.3° 53.6
p-3-OH-C ¢ 20.1 m 12.3 Trace

¢ Values represent the sum of 3-OH-C,,, and A%-C,,,,.

® Amide-bound fatty acids are underlined.
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acid methyl ester is formed. In the methanoly-
sate, small amounts of 3-hydroxytetradecanoic
acid were also found, the origin of which is not
well understood. That part of ester-bound 3-
hydroxytetradecanoic acid was 3-O-substituted
by 3-hydroxytetradecanoic acid appears to be
unlikely since the amount of 3-methoxytetrade-
canoic acid methyl ester formed (0.079 umol/
mg) was too low to account for eliminated tetra-
decanoic acid (0.096 umol/mg) plus 3-hydroxy-
tetradecanoic acid (0.054 wmol/mg).
Configuration analysis of the 3-hydroxy fatty
acids present in lipopolysaccharides of the var-
ious Fusobacterium strains investigated re-
vealed that all 3-hydroxy acids possess, as was
found in lipopolysaccharides of various other
bacterial groups (20, 21), the p-configuration.
The fatty acid composition of other F. nuclea-
tum strains was similar to that of F. nucleatum
Fev 1 with regard to quantity, nature, and type
of linkage of fatty acids. In F. varium and F.
mortiferum, however, 3-hydroxyhexadecanoic
acid was absent. In these cases only 3-hydroxy-
tetradecanoic acid was present, which is, like in
Enterobacteria, partly ester and partly amide
bound. It should be mentioned that in lipopoly-
saccharides of two F. necrophorum strains, te-
tra- and hexadecanoic acids were detected; 3-
hydroxy fatty acids, however, were absent (19).
The results of the present study indicate that
the chemical structure of lipid A of F. nuclea-
tum Fev 1 resembles that of lipid A of several
other, systematically quite remote bacteria
(e.g., Salmonella [6], Pseudomonas [2], S.
ruminantium [12], and Rhodopseudomonas ge-
latinosa [6]) with regard to the glucosamine-
phosphate backbone and the nature and type of
linkage of the constituent fatty acids. It seems,
therefore, that lipid A’s among certain groups
of gram-negative bacteria exhibit close struc-
tural relationships and that the lipid A compo-
nent of these lipopolysaccharides was not sub-
ject to major modifications during evolution.
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